Bone morphogenetic proteins (BMPs) play important roles at multiple stages of endochondral bone formation. However, the roles of BMP signaling in chondrocytes in vivo are still contentious. In the present study, we overexpressed a constitutively active BMP receptor 1A (caBmpr1a) in chondrocytes by using two systems: caBmpr1a was directly driven by a rat type II collagen promoter in a conventional transgenic system and indirectly driven in a UASGal4 binary system. CaBmpr1a expression caused shortening of the columnar layer of proliferating chondrocytes and up-regulation of maturation markers, suggesting acceleration of differentiation of proliferating chondrocytes toward hypertrophic chondrocytes. In addition to the acceleration of chondrocyte differentiation, conventional transgenic mice showed widening of cartilage elements and morphological alteration of perichondrial cells, possibly due to stimulation of differentiation of prechondrogenic cells. Moreover, bigenic expression of caBmpr1a rescued the differentiation defect of prechondrogenic cells in Bmpr1b-null phalanges. This finding indicates that BMP signaling is necessary for phalangeal prechondrogenic cells to differentiate into chondrocytes and that signaling of BMP receptor 1B in this context is replaceable by that of a constitutively active BMP receptor 1A. These results suggest that BMP signaling in prechondrogenic cells and in growth plate chondrocytes stimulates their chondrocytic differentiation and maturation toward hypertrophy, respectively. bone morphogenetic protein receptor 1A ͉ bone morphogenetic protein receptor 1B ͉ bone morphogenetic protein ͉ chondrocyte differentiation ͉ transgenic B one morphogenetic proteins (BMPs) play critical roles at various stages of skeletal development (1, 2). BMPs and their receptors are present in chondrocytes and adjacent perichondrium (3-6) and seem to affect the differentiation of chondrocytes. However, the effects of stimulation of BMP signaling on differentiation of growth-plate chondrocytes are diverse and depend on the model under study. Studies using cell culture systems have shown that BMPs generally stimulate hypertrophic differentiation of chondrocytes (7-12). Studies analyzing the addition of different BMPs to bone explants have yielded variable results, including stimulation of hypertrophy (13), delay in hypertrophy (14), or delay in conversion of early hypertrophic chondrocytes to late hypertrophic chondrocytes (15). Retroviral expression of BMPs, constitutively active or dominant negative BMP receptors, or a BMP inhibitor in developing chicken limbs has shown that increased or decreased BMP action causes abnormal cartilage formation (16) (17) (18) (19) . In these chicken͞retroviral systems, stimulation of BMP signaling generally causes irregular expansion of cartilaginous elements. Overexpression of a constitutively active BMP receptor 1A (caBmpr1a) was reported to inhibit hypertrophic differentiation of chondrocytes (19). Effects of BMPs on the skeletal system also have been studied by using transgenic mice. Mice overexpressing BMP ligands GDF-5 or BMP-4 show an increase in the cartilage mass and expanded hypertrophic regions (20, 21) . However, in these models, it is not possible to know the effect of increased BMP activity in chondrocytes, per se, because ligand overexpression likely activates BMP signaling in multiple types of cells. To obtain mice with increased BMP signaling more specific to chondrocytes, we generated transgenic mice overexpressing caBmpr1a in the cartilage using the conventional transgenic method and a UAS-Gal4 bigenic system (22) (23) (24) . Although these mice show consistent findings on late differentiation of chondrocytes, the two different strategies for overexpressing caBmpr1a in chondrocytes led to substantial differences in early cartilage formation between the models, a result that suggests that the consequences of caBmpr1a expression differ at multiple stages of cartilage development.
B
one morphogenetic proteins (BMPs) play critical roles at various stages of skeletal development (1, 2) . BMPs and their receptors are present in chondrocytes and adjacent perichondrium (3) (4) (5) (6) and seem to affect the differentiation of chondrocytes. However, the effects of stimulation of BMP signaling on differentiation of growth-plate chondrocytes are diverse and depend on the model under study. Studies using cell culture systems have shown that BMPs generally stimulate hypertrophic differentiation of chondrocytes (7) (8) (9) (10) (11) (12) . Studies analyzing the addition of different BMPs to bone explants have yielded variable results, including stimulation of hypertrophy (13) , delay in hypertrophy (14) , or delay in conversion of early hypertrophic chondrocytes to late hypertrophic chondrocytes (15) . Retroviral expression of BMPs, constitutively active or dominant negative BMP receptors, or a BMP inhibitor in developing chicken limbs has shown that increased or decreased BMP action causes abnormal cartilage formation (16) (17) (18) (19) . In these chicken͞retroviral systems, stimulation of BMP signaling generally causes irregular expansion of cartilaginous elements. Overexpression of a constitutively active BMP receptor 1A (caBmpr1a) was reported to inhibit hypertrophic differentiation of chondrocytes (19) . Effects of BMPs on the skeletal system also have been studied by using transgenic mice. Mice overexpressing BMP ligands GDF-5 or BMP-4 show an increase in the cartilage mass and expanded hypertrophic regions (20, 21) . However, in these models, it is not possible to know the effect of increased BMP activity in chondrocytes, per se, because ligand overexpression likely activates BMP signaling in multiple types of cells. To obtain mice with increased BMP signaling more specific to chondrocytes, we generated transgenic mice overexpressing caBmpr1a in the cartilage using the conventional transgenic method and a UAS-Gal4 bigenic system (22) (23) (24) . Although these mice show consistent findings on late differentiation of chondrocytes, the two different strategies for overexpressing caBmpr1a in chondrocytes led to substantial differences in early cartilage formation between the models, a result that suggests that the consequences of caBmpr1a expression differ at multiple stages of cartilage development.
Materials and Methods
DNA Constructs and Transgenic Mouse Generation. The cDNA encoding a constitutively active mutant of human BMP receptor-1A (caBmpr1a) has been described (19) . The caBmpr1a cDNA released from a viral expression vector RCAS(A) (19) was inserted into the EcoRV site of the UAS expression vector pWEXP3C (23) . The prokaryotic sequence was removed by digestion with SalI, and the purified DNA fragment was injected into pronuclei of B6CBAF1͞J (C57͞6J ϫ CBA͞J) zygotes as described (25) .
For generation of conventional transgenic embryos carrying the Col2-caBmpr1a transgene, the caBmpr1A cDNA was inserted into the blunt-ended BamHI site of the collagen II expression vector (26) . DNA was linearized and subjected to pronuclear injection. Embryos were recovered from host mothers at the indicated ages. The age of transgenic embryos was determined by the duration of the host mother's pregnancy.
Mice. Col2-Gal4 mice have been described (24) . UAS-caBmpr1A embryos and mice were genotyped by PCR by using primer 5Ј-ACG CTT GCC AAG ATG GTT GA-3Ј and a primer for the LacZ tag sequence contained in pWEXP3C, 5Ј-CGG TCA GAC GAT TCA TTG GCA CCAT-3Ј. Bmpr1b-null mice have been described (6) .
Skeletal Preparation and Histology. Alizarin red and͞or alcian blue staining was modified after McLeod's method (27) . Carcasses were fixed in 95% ethanol, stained with alcian blue and͞or alizarin red, cleared in 1% KOH, and kept in 50% glycerol. Embryos were fixed in 4% paraformaldehyde͞PBS at 4°C overnight, dissected, processed, and embedded in paraffin. Sections were cut with 5-m thickness, subjected to hematoxylin͞eosin staining, in situ hybridization, and immunostaining.
In Situ Hybridization. In situ hybridization on paraffin sections with radiolabeled antisense RNA probes was performed on paraformaldehyde-fixed tissues as described (28) . Probes for Col10a1 Immunohistochemistry. Embryos were fixed in 4% paraformaldehyde for 8 h and transferred to 70% ethanol until paraffin processing. Antibodies against Phospho-Smad-1͞5͞8 were purchased from Cell Signaling Technology (Beverly, MA). Staining was performed by using the Immunocruz staining system (Santa Cruz Biotechnology) with DAB or TMB as the chromogen (Vector Laboratories) according to the manufacturer's instructions.
Results

Targeted Expression of caBmpr1a in Chondrocytes Using the UAS-Gal4
Bigenic System. Preliminary experiments suggested that expression of caBmpr1a in the murine growth plate using a type II collagen promoter resulted in embryonic lethality, preventing the establishment of transgenic lines by using conventional methodology (L. Niswander, personal communication). To circumvent this problem, we adapted the UAS-Gal4 bigenic system to establish lines. In this system, chondrocytic expression of GAL4 derived from one transgenic parent transactivates a UAS-caBmpr1a transgene from the other parent in doubly transgenic Col2-Gal4:UAS-ca Bmpr1a embryos (bigenic mice) (Fig. 1A) . In situ hybridization showed that Gal4 mRNA in Col2-Gal4 mice was exclusively expressed in chondrocytes in embryonic day (E) 13.5 paws and in E17.5 tibiae (Fig. 1B and data not shown). UAS-ca Bmpr1a single transgenic mice of all lines established were phenotypically indistinguishable from wild-type mice. Because the Gal4 transgenic mice themselves had slight shortening of bones, Gal4 single transgenic littermates were used as controls for comparison with Col2-Gal4:UAS-ca Bmpr1a bigenic mice. Of eight founder lines, three lines were selected according to the phenotypes upon cross-mating with Gal4 transgenic mice. All of the lines showed similar gross skeletal phenotypes after crossing with Col2-Gal4 mice. One of the lines was primarily used in the following experiments, and the observations were confirmed in other lines. The effect of caBmpr1a overexpression was determined by immunostaining for phospho-Smad1. In the growth plate of E17.5 tibia of Col2-Gal4:UAS-caBmpr1a bigenic mice, phospho-Smad1 was detected throughout the growth plate, whereas phospho-Smad1 immunoreactivity was principally limited to the prehypertrophic region in control mice (Fig. 1C) .
Overexpression of caBmpr1a in the Growth Plate Causes Perinatal
Death and Shortening of Long Bones and Growth Plates. Bigenic mice died a few hours after birth. Milk was never found in the stomach, suggesting a defect in suckling ( Fig. 2A) . Consistent with this finding, mutant mice had cleft palates (Fig. 2C ). Bigenic embryos exhibited shortening of the limbs, tail, and snout ( Fig.  2 A and B) . Histological analysis of E17.5 embryonic limbs demonstrated that bigenic mice had relatively well organized growth plates, except that the columnar chondrocyte layer was shortened ( Fig. 2 D and E) . We did not find apparent changes in levels or expression patterns of Col10a1 (Fig. 2F) Gdf5, Noggin, Chrd (Chordin) or Grem1 (Gremlin) (data not shown). One of the UAS-caBmpr1a lines had fusion of some joints, such as elbow and proximal interphalangeal joints (see Fig. 6B for interphalangeal joints). Other skeletal abnormalities were similar among three lines. We did not find significant differences in rates of proliferation, determined by BrdUrd labeling index, between bigenic mice and controls at E16.5, E17.5, or E18.5 (see Supporting Methods and Fig. 7 , which are published as supporting information on the PNAS web site).
Conventional Transgenic Mice and Bigenic Mice Develop Different
Cartilage Abnormalities. Although bigenic mice showed a lethal skeletal phenotype with clear activation of BMP signaling, we were unable to detect apparent changes in levels of expression of specific molecular markers of differentiation or in BrdUrd labeling assays (noted above). It is possible that expression of caBmpr1a using the bigenic system was not robust enough to cause detectable changes in gene expression or in proliferation. To obtain mice with different expression levels of the caBmpr1a transgene in chondrocytes, we generated transgenic embryos using a conventional construct in which the same caBmpr1a gene was directly driven by the same type II collagen promoter that drove Gal4 in the bigenic system (Fig. 3A) . One-cell-stage embryos injected with the linearized construct were returned to host mothers and grown to the ages of E13.5 and E17.5.
Transgenic embryos that had skeletal phenotypes showed increased phospho-Smad1 immunoreactivity throughout the cartilage, indicating activation of the BMP signaling pathway (data not shown). We found many dead embryos at E17.5, consistent with early embryonic lethality of transgenic mice, as suggested by the previous preliminary experiments. An E17.5 transgenic embryo showed severe skeletal abnormalities; the femur, tibia and patella were fused together, eliminating joint tissues (Fig.  3B) . The growth plate cartilage was enlarged in width. However, this widening was not associated with lengthening of the growth plate. The centers of the growth plates contained hypocellular regions that did not express any chondrocyte markers by in situ hybridization (Fig. 3B and data not shown) , suggesting quiescence or death of chondrocytes in this region. The columnar layer was shortened in the tibia (Fig. 3B) . In metatarsal bones in which bone shapes were relatively preserved, the columnar layer was also shortened (Fig. 3C ). Despite these morphological changes, there were not remarkable alterations in expression patterns of molecular markers by in situ hybridization (Fig. 3B) ; both Sox9 and Noggin mRNAs were diffusely expressed in proliferating chondrocytes and up-regulated in prehypertrophic chondrocytes. Expression patterns of Ihh (Fig. 3B) , Pthr1, and Col10a1 mRNAs were preserved (data not shown).
To better understand the cause of the differing phenotypes between bigenic and conventional transgenic mice, we examined embryos at E13.5, an earlier developmental stage. Of six transgenic embryos, three had normal morphology and three had similar cartilage abnormalities. Limb cartilage anlages in transgenic embryos showed irregular borders between the cartilage and surrounding tissues (Fig. 4A) . Perichondrial cells in transgenic mice were not organized in flat layers and were wider than those in control (Fig. 5B) . Phospho-Smad1͞5͞8 immunostaining on transgenic bones showed increased BMP signaling in chondrocytes as well as in perichondrial cells with morphological changes (Fig. 4C) . These morphological changes of perichondrial cells were also seen in other bones, including basiooccipital bones. The cartilage of basiooccipital and hyoid bones of E13.5 transgenic embryos was irregularly expanded. The surface of the mutant cartilage was irregular, and small clumps of differentiated chondrocytes often protruded in the perichondrial region of the basiooccipital bone (Fig. 4D) . Perichondrial cells in transgenic basiooccipital bones were not aligned in orderly layers as in controls. These cells were also spindle-shaped or oval in morphology, different from the typical flat-shaped normal perichondrial cells; this result might suggest differentiation of these cells into chondrocytes (Fig. 5E ), although Sox9 mRNA was expressed only weakly in these cells (Fig. 4F) . The hyoid body in mutant mice was around three times larger than that of control, whereas there was no apparent change in the proliferation rate determined by BrdUrd labeling (data not shown). This result suggests that the expansion of the chondrocyte mass was not caused by an increase in proliferation of chondrocytes, per se, but instead by increased recruitment of cells into the initial chondrogenic condensation and͞or stimulation of differentiation of perichondrial cells into chondrocytes. These changes in perichondrial cells and in the cartilage size were not observed in bigenic mice (Fig. 4B) .
Chondrocyte differentiation in early vertebrae of conventional transgenic mice was assessed by in situ hybridization (Fig.  5) . A marker of hypertrophic chondrocytes, Col10a1 mRNA, was expressed in basiooccipital bones but not in vertebral bones in both wild-type and transgenic mice. Sox9 and Noggin mRNAs were expressed at greater levels in mutant mice compared with control mice. Because expression levels of Sox9 and Noggin mRNAs increase as proliferating chondrocytes differentiate toward prehypertrophic chondrocytes, this finding suggests that transgenic chondrocytes are in an advanced stage of chondrocyte differentiation.
Bigenic Expression of caBmpr1a in Chondrocytic Cells Reverses the
Digit Defect of Bmpr1b ؊/؊ Mice. Despite widespread expression of Bmpr1b in the skeletal system, Bmpr1b Ϫ/Ϫ mice show bone abnormalities only in the digits; the proximal and middle phalanges fail to form, and these prospective phalangeal regions remain rudimentary (3, 6) . At E17.5, Bmpr1b Ϫ/Ϫ cells in this region morphologically resembled those in mesenchymal condensations (data not shown). Compared with chondrocytes in the growth plate, these cells expressed lower levels of Sox9 and higher levels of Cspg2 (Versican), a marker of prechondrogenic mesenchymal cells and early chondrocytes near the articular surface (29) (Fig. 6B) . Therefore, it seems that prechondrogenic cells of prospective proximal and middle phalanges are not able to differentiate into chondrocytes in the absence of BMPR1B signaling. Because type II collagen is expressed in prechondrogenic cells of mesenchymal condensations, we expressed caBmpr1a using the bigenic system, which used a type II collagen promoter, in the BMPR1B-null background to determine whether BMP signaling in the chondrocytic lineage was responsible for the Bmpr1b Ϫ/Ϫ digit phenotype, and whether caBMPR1A could replace BMPR1B signaling. Whole-mount alcian blue staining and histological examination showed that digits of compound mutant mice Col2-Gal4:UASBmpr1a:Bmpr1b Ϫ/Ϫ (Bmpr1b Ϫ/Ϫ :Bg) were virtually identical to those of Col2-Gal4:UAS-Bmpr1a:Bmpr ϩ/ϩ mice (Bg), demonstrating successful rescue of the digit defect of Bmpr1b Ϫ/Ϫ mice ( Fig. 6 A and B) .
Discussion
Chondrocyte differentiation in the growth plate is regulated by multiple signaling pathways. The PTHrP͞Ihh feedback loop has been well demonstrated to play an important role (30) . PTHrP expression depends on and is positively regulated by Ihh. Based on chick͞retroviral misexpression experiments, BMP signaling through BMPR1A was proposed to mediate the action of Ihh in PTHrP expression to delay terminal differentiation of chondrocytes (19) . However, in mouse and chicken limb organ culture systems, BMP did not stimulate PTHrP expression in the absence of Ihh action (15) . In the present study as well, we did not find up-regulation of PTHrP after overexpression of caBmpr1a in either system (data not shown). We also found that expression of a constitutively active PTH͞PTHrP receptor (31) in caBmbr1a bigenic growth plates did not rescue the shortening of the growth plate (Fig. 8 , which is published as supporting information on the PNAS web site). This finding also supports the hypothesis that the BMP pathway regulates hypertrophic chondrocyte differentiation independently of the PTHrP signaling pathway, because the constitutively active PTH͞PTHrP receptor does rescue phenotypic abnormalities in PTHrP-null mice (31) and in mice with decreased numbers of PTH͞PTHrP receptors (28) . Previous reports have shown that BMP signaling regulates expression of Ihh in chondrocytes and chondrogenic cells (32, 33) . In the present study, we did not obtain evidence that support these previous findings. In a mouse limb culture system as well, BMP treatment did not seem to stimulate Ihh expression (15) . This disagreement may have arisen from differences in the system (cell, chicken, or mouse), method used to stimulate BMP signaling (BMP ligands or expression of constitutively active receptors), or robustness of assay systems.
Both bigenic and conventional transgenic mice showed shortening of the columnar layer of proliferating chondrocytes, but no apparent reduction in proliferation was observed in bigenic mice. This combination of findings suggests acceleration of conversion of columnar cells into hypertrophic cells. Together with the similar finding in the conventional transgenic mice, these data suggest that caBmpr1a overexpression accelerates differentiation of proliferating chondrocytes into hypertrophic chondrocytes. Phospho-Smad1 in control growth plates is predominantly present in the prehypertrophic region. Because hypertrophic chondrocytes that express BMP-2 and BMP-6 are major sources for BMP ligands in the growth plate (34) , this finding supports the hypothesis that BMPs from the hypertrophic layer stimulate further differentiation of less differentiated chondrocytes (8) .
In conventional transgenic mice, the morphology of perichondrial cells was also greatly changed. It is conceivable that expression of Bmpr1a in perichondrial cells or their precursor cells directly alter their differentiation pathway into the chondrocytic lineage. Compared with the conventional transgenic system, the Gal4-UAS bigenic system generally requires more time between promoter activation and expression of the target transgene (23, 35) . It is, therefore, possible that the timing of caBmp1a expression in bigenic mice was delayed such that caBmpr1a expression was confined to cells that were developmentally more advanced in bigenic mice, and that this led to the substantial phenotypic differences between mice generated by these systems despite using the same promoter. It is also conceivable that the possible differences in the expression levels of transgenes in these two systems account for the phenotypic variation.
The observation that bigenic caBmpr1a expression was able to restore the digit defect of Bmpr1b Ϫ/Ϫ mice has several implications. First, this is genetic evidence that the bigenic caBmpr1a system indeed activates BMP signaling. Second, BMP signaling provided by caBmpr1a expression is able to substitute for BMPR1B signaling. This result contrasts with the differing outcomes of caBMR1A and caBMPR1B overexpression in chick limbs (19) . Third, a defect in BMP signaling in cells of the chondrocytic lineage, rather than a non-cell autonomous effect, is responsible for the Bmpr1b Ϫ/Ϫ digit phenotype. Because prospective phalangeal cells of Bmpr1b Ϫ/Ϫ mice seem to remain at the stage of prechondrogenic mesenchymal condensation, this observation also supports the hypothesis that prechondrogenic mesenchymal cells require BMP signaling to differentiate further (18) In conclusion, we have demonstrated that overactivity of BMP signaling through caBMPR1A in chondrocytes stimulates chondrocyte maturation toward hypertrophic differentiation. The phenotypic differences between bigenic and conventional transgenic mice and histological analysis of conventional transgenic mice suggest that BMP signaling in perichondrial cells or their precursor cells stimulates their differentiation into chondrocytes. Thus, BMP signaling can stimulate both differentiation of prechondrogenic cells into chondrocytes and differentiation of proliferating chondrocytes toward hypertrophic chondrocytes.
